Mitochondria have a well-recognized role in the production of ATP and the intermediates needed for macromolecule biosynthesis, such as nucleotides. Mitochondria also participate in the activation of signaling pathways. Overall, accumulating evidence now suggests that mitochondrial bioenergetics, biosynthesis and signaling are required for tumorigenesis. Thus, emerging studies have begun to demonstrate that mitochondrial metabolism is potentially a fruitful arena for cancer therapy. In this Perspective, we highlight recent developments in targeting mitochondrial metabolism for the treatment of cancer.
Historically, mitochondrial metabolism has been erroneously viewed as inconsequential for the metabolic demands of rapidly proliferating cells 1, 2 . Furthermore, the mitochondria have been ascribed to produce copious amounts of reactive oxygen species (ROS) that promote DNA damage and genetic instability 3 . This view mainly stems from two long-standing observations. The first observation, made in the 1920s, states that cancer cells take up glucose and produce large quantities of lactate in the presence of ample oxygen 4 . This is referred to as aerobic glycolysis or the Warburg effect. This observation led to the hypothesis that mitochondria are damaged in tumors; thus, cancer cells primarily use glycolysis as the major metabolic pathway for proliferation 2 . A second observation is that tumors frequently produce high levels of mitochondrial ROS to invoke genetic instability and ultimately tumorigenesis 5 . Consequently, mitochondrial dysfunction was designated as a metabolic hallmark of cancer cells.
The notion that mitochondria in tumor cells are dysfunctional was challenged in the 1950s 6 by the demonstration that, much like cells from normal tissues such as the liver, tumor cells effectively oxidized the fatty acid palmitate 7 . Moreover, enzymes of the tricarboxylic acid (TCA) cycle had similar activities in the mitochondria of tumors as in the mitochondria of normal tissues 8 , and the high rate of glycolysis is a hallmark of both normal and neoplastic cells 9 . Importantly, these observations and models have largely been validated since the 1950s. Recent studies provided genetic evidence that mitochondrial metabolism is essential for tumorigenesis [10] [11] [12] . Accordingly, in this Perspective, we highlight emerging data that point to mitochondrial metabolism as a target for cancer therapy.
Biochemical functions of the mitochondria
In classical biochemistry textbooks, the major tasks of the mitochondria are the production of ATP and the metabolites necessary to fulfill the bioenergetic and biosynthetic demands of the cell. Mitochondria use multiple carbon fuels to produce ATP and metabolites, including pyruvate, which is generated from glycolysis; amino acids such as glutamine; and fatty acids. These carbon fuels feed into the TCA cycle in the mitochondrial matrix to generate the reducing equivalents NADH and FADH 2 , which deliver their electrons to the electron transport chain (ETC). The transfer of electrons through the ETC is coupled to the pumping of hydrogen ions from the matrix to the intermembrane space by complexes I, III and IV. Protein pumping generates the proton motive force, composed of a small chemical component (DpH) and the large electrical component membrane potential (Dψ), which Complex V (the ATP synthase) uses to generate ATP from ADP and P i (i.e., oxidative phosphorylation). In addition to generating NADH and FADH 2 , the TCA cycle generates intermediates that can funnel into multiple biosynthetic metabolic pathways to produce glucose, amino acids, lipids, heme and nucleotides. Thus, the mitochondria operate as a central hub of both catabolic (the breakdown of large macromolecules to produce energy) and anabolic (the production of large macromolecules from small metabolic intermediates using energy) metabolism (Fig. 1) .
Mitochondria function as signaling organelles
Mitochondria have to alter their bioenergetic and biosynthetic functions to meet the metabolic demands of the cell. Furthermore, to ensure that the mitochondria have the ability to meet the metabolic demands of the cell, the mitochondria have to continuously communicate their fitness to the rest of the cell. We postulate that when cells receive cues to begin proliferation, a metabolically demanding process, an internal mitochondrial metabolic checkpoint is assessed before robustly activating transcriptional programs needed for cell proliferation. There are two modes of communication between the mitochondria and the rest of the cell: anterograde and retrograde signaling. Anterograde signaling denotes signal transduction from the cytosol to the mitochondria, which occurs by the rapid sequestration of calcium into the mitochondrial matrix in the presence of high cytosolic calcium. This increase in mitochondrial calcium activates multiple TCA cycle enzymes to stimulate mitochondrial oxidative metabolism. Signal transduction from the mitochondria to the cytosol is referred to as retrograde signaling (Fig. 1) . Initially, the discovery that cytochrome c is released to initiate apoptosis in mammals sparked the idea of retrograde signaling. Today, there are multiple mechanisms of retrograde signaling, including the release of metabolites and ROS. Metabolites such as citrate may be released into the cytosol and cleaved by ATP citrate lyase to yield acetyl-CoA and oxaloacetate 13 . Acetyl-CoA levels can regulate protein acetylation, a reversible post-translational modification that alters protein activity 14 . ROS (in the nanomolar range) such as hydrogen peroxide (H 2 O 2 ) released into the cytosol from the mitochondria can reversibly oxidize certain thiols within proteins to modify protein function 15 . It is important to note the emergence of several modes of mitochondrial signaling, including the expression of phosphatases 16 and kinases 17 in the mitochondrial matrix as well as the presence of signaling platforms on the mitochondrial outer membrane 18, 19 . Thus, the concept of mitochondria as signaling organelles is burgeoning 20 .
Mitochondrial metabolism is required for tumor growth
Currently, the consensus in the cancer metabolism field is that tumor cells robustly engage in both glycolysis and mitochondrial metabolism to provide the necessary building blocks for macromolecule (nucleotides, lipids and amino acids) synthesis as well as ATP and NADPH, which are essential for cell proliferation 21 . The high rate of glycolysis in tumor cells is a consequence of deregulating signaling pathways such as the PI3K pathway and activation of oncogenes such as MYC and KRAS, which allows for the generation of glycolytic intermediates that can funnel into multiple subsidiary biosynthetic pathways necessary for cell proliferation, such as the pentose phosphate pathway for NADPH and nucleotide production 22 . Consequently, many tumors are addicted to glucose. Oncogenic activation also increases mitochondrial metabolism to generate ATP and TCA cycle intermediates used as precursors for macromolecule synthesis 23 . For example, the TCA cycle intermediate citrate is exported to the cytosol for lipid synthesis (acetyl-CoA) and nucleotide synthesis (oxaloacetate) 24 . It is essential for cells to replenish TCA cycle intermediates that are siphoned for the biosynthesis of macromolecules. One mechanism by which cells restore their TCA cycle intermediates is through the stepwise oxidation of glutamine to generate the TCA cycle intermediate α-ketoglutarate, which is further metabolized through the TCA cycle to produce oxaloacetate 25 . Subsequently, oxaloacetate can combine with acetyl-CoA to generate another molecule of citrate for macromolecule synthesis. Thus, many cancer cells exhibit addiction to glutamine. As a consequence of oxidative metabolism, which occurs in cancer cells, copious amounts of ROS are produced by the mitochondrial ETC. The high levels of mitochondrial ROS activate signaling pathways proximal to the mitochondria to promote cancer cell proliferation and tumorigenesis 26 . However, if the ROS are allowed to accumulate, cells will undergo death 27 . Therefore, cancer cells generate an abundance of NADPH in the mitochondria and the cytosol to sustain high antioxidant activity and prevent the buildup of potentially detrimental ROS 28, 29 . Thus, both glucose-dependent metabolic pathways and mitochondrial metabolism are essential for tumor cell proliferation.
Although the majority of cancer cells display functional mitochondria, there are small subsets of cancer cells that display mutations in TCA cycle proteins or in subunits of various mitochondrial ETC complexes 30, 31 . Notably, loss of function in genes encoding the TCA cycle enzymes succinate dehydrogenase and fumarate hydratase result in accumulation of succinate and fumarate, respectively 30 . These cancer cells that are dependent on glycolysis for ATP production should have impaired mitochondrial metabolism, preventing the generation of TCA cycle intermediates and ROS. However, recent studies demonstrated that tumor cells with impaired TCA cycle or ETC function cannot generate ATP but are still able to generate the TCA cycle intermediate citrate by 'reductive carboxylation', a process where glutamine generates α-ketoglutarate, which takes a reverse path to produce citrate [32] [33] [34] . In these TCA cycle or ETC mutant cells, the increased rate of glycolysis exclusively provides the ATP necessary for cellular proliferation and survival. In addition, glycolysis also provides metabolic intermediates for macromolecule synthesis. The TCA cycle or ETC mutant cancer cells also generate ROS for cell proliferation 10, 35 . Studies have consistently demonstrated that diminishing or ablating TCA cycle or ETC proteins that enhance tumorigenesis and metastasis requires an increase in the rate of mitochondrial ROS production [36] [37] [38] [39] [40] . Taken together, these observations indicate that some tumors can rely exclusively on glycolysis to meet the bioenergetics needs of the cancer cell, but mitochondrial function is still required to meet the biosynthetic demands and ROS generation required for cell proliferation 41 .
Targeting bioenergetics for cancer therapy
The majority of ATP in tumor cells is produced by the mitochondria 42, 43 . Nevertheless, as noted in the previous section, upregulating glycolysis to produce ATP can compensate for the lack of ATP production by the mitochondria. Thus, targeting mitochondrial ATP production for cancer therapy might not be an effective strategy. However, we postulate that there are three reasons to be optimistic that targeting mitochondrial ATP production will emerge as a viable therapeutic strategy against cancer. First, the centers of many solid tumors are poorly perfused and exist in nutrient-poor environments with limited glucose and oxygen 44 . These tumors typically are not highly proliferative but continue to survive 45 . The ETC is able to function optimally at oxygen levels as low as 0.5% 46 . Therefore, poorly perfused tumors have limited glucose availability but just enough oxygen to generate mitochondrial ATP. Consequently, a drug blocking mitochondrial ATP production would induce cell death in poorly perfused tumors. Second, there are subsets of tumors that show a heavy dependence on oxidative phosphorylation for ATP [47] [48] [49] . These tumor cells are likely to be sensitive to drugs that limit mitochondrial ATP production owing to a failure of glycolytic compensation. Third, inhibiting mitochondrial ATP production would synergize with therapies that diminish glycolysis, such as the clinically used inhibitors of the PI3K signaling pathway 50 . The key consideration in targeting mitochondrial ATP production is that normal cells use mitochondrial ATP production for survival; thus, the therapeutic index may be limited. The only exception would be if cancer cells selectively uptake the inhibitors of mitochondrial ATP production compared to normal cells. On the basis of recent evidence, we suggest that the widely used antidiabetic drug metformin may be a viable anticancer agent that targets mitochondrial ATP production without invoking toxicity in normal tissues.
In diabetic patients, the therapeutic effect of metformin is a result of decreasing hepatic gluconeogenesis to diminish circulating insulin levels 51 . Epidemiological studies have suggested that patients taking metformin to control their blood glucose levels are less likely to develop cancer 52 . In addition, metformin increases the survival rate of patients that have already developed cancer 53 . Furthermore, multiple laboratory-based studies have also provided evidence that metformin may serve as an anticancer agent [54] [55] [56] . Owing to the strong retrospective clinical evidence and laboratory-based experiments, there are more than 100 ongoing clinical trials assessing metformin's anticancer effects in combination with current standard treatments 57 .
There are two mechanisms to explain the antitumor effects of metformin that are not necessarily mutually exclusive 58 . First, metformin decreases blood glucose and, consequently, circulating insulin levels. Insulin is a known mitogen for many cancer cells. Insulin and insulin growth factors (IGFs) stimulate the protumorigenic PIK3 signaling pathway in tumor cells that are positive for insulin and/or insulin growth factor receptor 59 . It is important to note that not all cancers are insulin sensitive, and therefore reduction of insulin levels would be irrelevant. A second possible mechanism by which metformin acts as an anticancer agent is through inhibition of mitochondrial ETC complex I to diminish tumor growth (Fig. 2) . In 2000, two studies demonstrated that metformin in vitro inhibits mitochondrial complex I 60, 61 . Recent work has provided a mechanistic understanding of how metformin and related biguanides inhibit complex I 62 . Yet, it was only recently shown in experimental models of cancer that the in vivo antitumorigenic effects of metformin are also dependent on inhibiting mitochondrial complex I 63 . Specifically, metformin inhibits mitochondrial ATP production and induces cell death when glycolytic ATP diminishes because of limited glucose availability. In the presence of ample glucose, metformin decreases proliferation through mechanisms that are not fully understood. Like other complex I inhibitors in prostate cancer cells, metformin does not limit the ability to generate TCA cycle intermediates owing to induction of glutamine-dependent reductive carboxylation 64 . However, in breast cancer cells, metformin diminishes TCA cycle intermediate production through complex I inhibition 65 . A leading mechanism to explain metformin's antiproliferative effect is that metformin decreases mitochondrial ATP production, resulting in AMPK activation and diminished mTOR activity, a necessity for the anabolism of proliferating cells 66 . It is likely that this mechanism cannot solely explain the antiproliferative effect of metformin as many cancers that are unable to activate AMPK are still susceptible to the drug 67 .
An important concern is whether metformin, as an anticancer agent, has a favorable therapeutic index. Metformin requires organic cation transporters (OCTs) that are present in a few tissues, such as liver and kidney 68 . Thus, the current dosing of metformin for diabetes has a remarkable safety profile. Tumor cells can also express OCTs to allow the uptake of metformin. However, not all tumor cells express OCTs; thus, metformin would not accumulate in these tumors and therefore not inhibit mitochondrial complex I. The uptake of the positively charged metformin at normal pH into the mitochondrial matrix to inhibit complex I requires a robust mitochondrial membrane potential 63 . Going forward, clinical trials using metformin as an anticancer agent should assess the expression levels of OCTs and mitochondrial genes in the tumors to identify those likely to be susceptible to metformin, that is, those with highest expression. The combination therapy of metformin with PI3K inhibitors that reduce glucose uptake and glycolysis will also be more efficacious than treatment with metformin alone. Lastly, it is not clear whether the antidiabetic dosing of metformin used in current clinical trials will allow for accumulation to levels necessary to inhibit mitochondrial complex I in tumors. It might be possible to escalate the dosing of metformin to higher levels than those currently used for diabetes without causing toxicity.
An alternative to metformin is the drug phenformin, another biguanide that inhibits mitochondrial complex I. Phenformin is less polar and more lipid soluble and exhibits a higher affinity for mitochondrial membranes than metformin. Phenformin is readily transported into tumor cells compared to metformin; thus, phenformin displays greater antineoplastic activity 69 . Recently, it has been demonstrated that phenformin also inhibits mitochondrial complex I to exert its antitumor effects in experimental models of cancer 70 . Additionally, cells impaired in glucose utilization were most sensitive to phenformin 70 . An important drawback of phenformin clinically is that phenformin increases the incidence of lactic acidosis, and thus it has been withdrawn for use in humans in most parts of the world. By contrast, metformin has a lower risk of inducing lactic acidosis and an excellent safety profile. Nevertheless, multiple experimental studies using phenformin have provided insight into which cancers phenformin may be most effective at treating. Specifically, studies have demonstrated that phenformin is effective in an experimental model of non-small-cell lung carcinoma (NSCLC) driven by oncogenic Kras and loss of LKB1 but not in NSCLC driven by oncogenic Kras and loss of p53 (ref. 71) . Phenformin also increases the therapeutic benefit of BRAF inhibitors in melanoma driven by BRAF V600E mutations 72 . BRAF inhibitors increased mitochondrial respiration in BRAF V600E melanomas, making them susceptible to phenformin 72 . On the basis of these studies, it is worth exploring phenformin as a possible cancer therapy as lactic acidosis can be monitored.
Besides the biguanide family, other compounds and pathways have recently been identified in preclinical models as possible therapeutic approaches that ultimately seem to impair mitochondrial bioenergetic capacity (Fig. 2) . Although these compounds have not undergone clinical trials for safety and therapeutic efficacy, they highlight the progress in targeting mitochondrial ATP production in cancer cells as a therapeutic strategy. A recent study identified the compound VLX600, an ETC inhibitor that markedly reduced colon cancer tumor growth 73 . VLX600 displayed an antitumor effect in conditions where glucose availability was limiting, such as in the center of the tumor or in tumor cells where the rate of proliferation produces such a high bioenergetic demand that it cannot be met through a compensatory induction of glycolysis.
Emerging data suggest that, in addition to the effect of direct ETC inhibitors, diminishing mitochondrial protein translation and stability may provide another opportunity to impede mitochondrial bioenergetic capacity. The US Food and Drug Administration-approved antibiotic tigecycline inhibits mitochondrial protein translation and displays robust antitumorigenic properties in numerous experimental models of leukemia 74 . There are 13 subunits of the ETC that are encoded by mitochondrial DNA, and disrupting translation of these proteins leads to major defects in mitochondrial ETC function. Intriguingly, leukemic cells have been shown to perform higher rates of fatty acid oxidation, and therefore they may be more dependent on mitochondrial ATP production for survival. Protein stability of ETC proteins is maintained in part by mitochondria-localized chaperones such as HSP90 and TRAP1, which are abundant in tumor cells. Gamitrinib, a small-molecule inhibitor of HSP90 and TRAP-1 ATPase activity, was engineered to selectively accumulate in the mitochondria, diminish mitochondrial ATP production and display antitumorigenic properties in experimental models of cancer 75 . Collectively, these data suggest that, although historically ignored in tumorigenesis, mitochondrial energy production is required for many cancer types, and there is strong evidence to suggest that its inhibition may provide a valuable clinical target.
Targeting mitochondrial biosynthetic function
As noted above, TCA cycle intermediates are used for the biosynthesis of macromolecules. Glutamine is a major carbon source to replenish the TCA cycle intermediates and to sustain their utilization for biosynthesis in many tumor cells 76 . Glutamine is the most abundant amino acid in plasma. MYC-and KRAS-driven cancer cells are addicted to glutamine 10, [77] [78] [79] . Glutamine is converted into glutamate, a precursor of glutathione, by glutaminases (GLSs). Next, glutamate is converted into α-ketoglutarate either by glutamate dehydrogenase (GLUD) or by aminotransferases. Glutamine catabolism to α-ketoglutarate fulfills multiple functions, including (i) generation of the TCA cycle reducing equivalents NADH and FADH 2 , which are used by the ETC to generate ATP; (ii) replenishment of TCA cycle intermediates, as these intermediates are siphoned off to support macromolecule biosynthesis; (iii) production of NADPH by malic enzyme; and (iv) utilization of α-ketoglutarate as a substrate for dioxygenases such as prolyl hydroxylases, histone demethylases and 5-methylcytosine hydroxylases (Fig. 3) . Thus, targeting glutamine catabolism is an appealing idea. Indeed, two specific GLS inhibitors, compound 968 (ref. 80 ) and bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide 81 , diminish glutamine catabolism and delay tumor growth in experimental models of cancer. Targeting glutamate conversion to α-ketoglutarate by aminotransferases with nonspecific inhibitors also diminishes tumor growth 82, 83 . These studies give credence to the development of drugs that target glutamine catabolism. It is important to note that not all tumors display addiction to glutamine catabolism. However, using [ 13 C]glutamine infusion in patients to determine whether glutamine is being catabolized will help predict which tumors will respond to therapies targeting glutamine metabolism 76 .
Another approach to diminish the replenishment of TCA cycle intermediates is targeting autophagy in established tumors. Autophagy sustains mitochondrial metabolism in tumor cells by providing substrates such as glutamine to replenish TCA cycle intermediates, which are used for macromolecule biosynthesis 12 . Autophagy inhibition in mouse models of BRAF V600 -driven tumors impairs mitochondrial metabolism and increases survival of BRAF V600 tumor-bearing mice 84 . Similar to the synthetic lethality observed with phenformin and BRAF V600 inhibitors in melanoma, the combination of BRAF V600 inhibitors with autophagy inhibitors is also likely to be successful. Chloroquine, a US Food and Drug Administration-approved small-molecule inhibitor of autophagy in ongoing clinical trials for cancer, has been demonstrated to impair mitochondrial metabolism and diminish tumor growth. One cautionary note about autophagy inhibitors is that they should be used acutely as long-term use induces toxicity. On the basis of these studies, we suggest that acute administration of chloroquine in combination with phenformin might be effective, as this would target both TCA cycle flux and ETC function.
Targeting mitochondrial redox capacity
Dietary antioxidants have been widely used as anticancer agents. Yet, they have consistently failed to reduce tumor burden in prospective human clinical trials 85 . Furthermore, antioxidants raised the incidence of lung cancer in smokers and accelerated tumor burden in mouse models of NSCLC 86, 87 . One reason for the failure of dietary antioxidants is that they do not dampen localized mitochondrially generated ROS.
Mitochondria are proximal to the signaling pathways that are responsive to ROS. Thus, mitochondrially targeted antioxidants effectively reduce cell proliferation in vitro and tumorigenesis in vivo 10, 40, 88, 89 . Mitochondrially targeted antioxidants have undergone clinical trials in patients suffering from Parkinson's disease and thus could undergo clinical trials as anticancer agents 90 . A caveat to this approach is that mitochondrial ROS are used by normal cells including immune and stem cells to function optimally 15 , and thus the therapeutic index of mitochondrial-targeted antioxidants is not clear.
Cancer cells increase their antioxidant capacity to counterbalance the increased production of ROS by cancer cells 91 . This permits cancer cells to generate high levels of H 2 O 2 to activate proximal signaling pathways that promote proliferation without allowing buildup of ROS to levels that would otherwise induce cancer cell death or senescence. NADPH is required to maintain multiple antioxidant defense systems. The cytosol has multiple sources of NADPH generation, including the pentose-phosphate pathway, malic enzyme 1, IDH1 and one-carbon metabolism 28 . One-carbon metabolism in the cytosol and mitochondria generates folate intermediates required for nucleotide synthesis as well as NADPH 92 . NADPH generation in the mitochondria occurs from one-carbon metabolism 29 , and onecarbon metabolism in the mitochondria is initiated by serine catabolism by SHMT2. A recent study demonstrated that SHMT2 is necessary for redox balance in Myc-transformed cells under hypoxia, a metabolic feature common to many tumors 93 . Thus, diminishing SHTM2 levels decreased tumor growth 93 . RNA profiling of 1,454 metabolic enzymes across 1,981 tumors covering 19 cancer types identified MTHFD2, an enzyme in the mitochondrial one-carbon metabolism, as consistently being the differentially expressed enzyme between cancer and normal cells 94 . Loss of MTHFD2 increases ROS levels and sensitizes cancer cells to oxidant-induced cell death 94 . MTHFD2 is not highly expressed in normal adult proliferating cells; thus, MTHFD2 may represent a viable therapeutic target (Fig. 4) . Furthermore, targeting mitochondrial one-carbon metabolic enzymes in conjugation with other therapies known to increase ROS including superoxide dismutase 1 (ref. 95) , glutathione synthesis 96 and glutaminase 97 inhibition might be effective. It is interesting to note that there has been a shift in ongoing studies from using dietary antioxidants to examining whether inhibition of antioxidants is an effective cancer therapy 95, 96, 98 .
Conclusion
The pioneering work, which started in the early 1990s, demonstrated that mitochondrialocalized antiapoptotic proteins could be successful targets for cancer therapy 99 . However, only in the past few years has mitochondrial metabolism emerged as a target for cancer therapy, owing to the reemergence of mitochondria as a central metabolic organelle required for tumorigenesis. There remain three major challenges in translating preclinical effective drugs that target mitochondrial metabolism to the clinical trials in patients. First, for any given drug that targets mitochondrial metabolism, the toxicity to normal cells needs to be established. Second, any drug has to traverse not only the cell membrane but also the two mitochondrial membranes. The conjunction of a lipophilic cation to small molecules increases the accumulation in the mitochondrial matrix to 1,000-fold greater in concentration than outside the cell 100 . The uptake of lipophilic cations into the mitochondria occurs because of the large membrane potential generated by the ETC across the mitochondrial inner membrane (Fig. 5) . Commonly used chemotherapeutic agents such as cisplatin can be targeted to the mitochondrial matrix by conjugation to lipophilic cations to target mitochondrial DNA 101 . The third challenge is to understand more about the basic biology of mitochondrial metabolism in regulating tumorigenesis. This will allow for the design of combination therapies using mitochondrial metabolic inhibitors with other anticancer agents. For example, diminishing oncogenic signaling results in initial pancreatic tumor shrinkage but also in frequent relapse owing to the fraction of surviving cells that are highly dependent on mitochondrial bioenergetics and sensitive to inhibitors targeting oxidative phosphorylation 102 . It is an exciting time to begin thinking about rationally targeting mitochondrial metabolism. Cancer cells catabolize pyruvate and glutamine through the TCA cycle, resulting in the generation of reducing equivalents such as NADH that donate electrons to the ETC. The ETC generates a proton gradient that is used for production of ATP, i.e., oxidative phosphorylation (blue). TCA cycle intermediates can also be directed into biosynthetic pathways (green) that allow for the production of macromolecules (lipids, amino acids and nucleotides). Finally, mitochondrial production of ROS and metabolites act as signaling molecules to alter protein function. Mitochondrial one-carbon metabolism produces NADPH to prevent accumulation of ROS in the mitochondrial matrix. NADPH maintains antioxidant activity of glutathione peroxidase (GPX) and thioredoxin reductases (TrxRs). TA, aminotransferase; VDAC, voltage-dependent anion channel. TRX, thioredoxin; GSH, glutathione; SOD2, superoxide dismutase 2, mitochondrial; 5,10-CH 2 -THF, 5,10-methylene-tetrahydrofolate. Mitochondrial ATP generation is necessary for tumorigenesis, and few molecules have demonstrated success in preclinical models of cancer. Specifically, (1) the biguanides metformin and phenformin inhibit mitochondrial complex I; (2) VLX600 inhibits the ETC at multiple sites; (3) tigecycline inhibits the mitochondrial ribosomal machinery and consequently the translation of ETC subunits; (4) gamitrinib is an inhibitor of mitochondrial chaperone proteins, such as TRAP-1 and HSP-90. Loss of these chaperones decreases ETC complex stability and subsequently reduces electron transport function. These therapies all share the same ultimate outcome with a decrease in mitochondrial ETC function to reduce mitochondrial bioenergetic capacity. mtDNA, mitochondrial DNA. Mitochondrial TCA cycle intermediates are siphoned off for utilization as precursors for macromolecule production. Specifically, citrate is transported into the cytosol, where it is converted into acetyl-CoA (a precursor for fatty acid synthesis) and oxaloacetate. Thus, the TCA cycle intermediates have to be replenished for the cycle to continue functioning. Many cancer cells use glutamine, the most abundant amino acid in plasma, to replenish the TCA cycle. Glutaminase converts glutamine to glutamate, which is a precursor for glutathione synthesis. Next, glutamate is converted into the TCA cycle intermediate α-ketoglutarate by GLUD or aminotransferases (TA). The α-ketoglutarate generated from glutamine replenishes the TCA cycle and is also used as a substrate for dioxygenase-dependent reactions. Inhibition of GLS (1) or TA/GLUD (2) have shown efficacy in preclinical models of cancer. (3) Short-term inhibition of autophagy has also shown therapeutic efficacy in preclinical models of cancer. Autophagy generates metabolic substrates for mitochondrial metabolism, particularly glutamine. Mitochondria prevent accumulation of ROS to levels that would be detrimental to mitochondrial metabolism by increasing antioxidant capacity. NADPH is necessary to maintain the antioxidant function of glutathione peroxidase (GPXs) and thioredoxin reductase (TrxR). Mitochondria maintain redox balance by using SHMT2 and MTHFD2, enzymes in one-carbon metabolism, indicating that this pathway may be a therapeutic target. Small molecules conjugated to lipophilic cations such as tetraphenylphosphonium (TPP) result in their accumulation in the mitochondrial matrix. Lipophilic conjugated small molecules will first traverse across the plasma membrane and accumulate in the cytosol. This process is driven by the plasma membrane potential (Δψ p ). Subsequently, the mitochondrial membrane potential (Δψ m ) will drive the accumulation of these molecules into the mitochondria by several hundredfold.
